We evaluated 966 consecutive pediatric patients with various developmental disorders by high-resolution microarray-based comparative genomic hybridization and found 10 individuals with pathogenic copy number variants (CNVs) on the short arm of chromosome 8 (8p), representing approximately 1% of the patients analyzed. Two patients with 8p terminal deletion associated with interstitial inverted duplication (inv dup del(8p)) had different mechanisms leading to the formation of a dicentric intermediate during meiosis. Three probands carried an identical B5.0 Mb interstitial duplication of chromosome 8p23.1. Four possible hotspots within 8p were observed at nucleotide coordinates of B10. 45, 24.32-24.82, 32.19-32.77, and 38.94-39.72 Mb involving the formation of recurrent genomic rearrangements. Other CNVs with deletion-or duplicationspecific start or stop coordinates on the 8p provide useful information for exploring the basic mechanisms of complex structural rearrangements in the human genome.
INTRODUCTION
The short arm of human chromosome 8 (8p) spans about 44 million base pairs containing 484 annotated genes (NCBI Build 36.3 of the human genome). 1 Point mutations in more than 50 genes on the 8p are associated with various genetic disorders and diseases (http://www.ncbi.nlm.nih.gov/omim).
8p is especially prone to various genomic rearrangements mainly because of the existence of the two olfactory receptor gene clusters (REPD and REPP) flanking an B5 Mb region of 8p23.1. [2] [3] [4] [5] [6] These REPD-and/or REPP-related 8p genomic rearrangements include (1) the 8p23.1 deletion or duplication between REPD and REPP, [6] [7] [8] [9] (2) the 8p23.1 paracentric inversion between REPD and REPP, 8, 10 (3) the pericentric inversion (inv(8)(p23.1q22.1)) and recombinant chromosome 8 (rec (8) dup(8q)inv(8)(p23.1q22.1)), 11 (4) the 8p interstitial inverted duplication with associated terminal deletion (inv dup del(8p)), 5, 6, 8, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (5) the 8p translocations involving the 8p23.1, 25, 26 and (6) different types of supernumerary chromosome 8 (SMC (8) ) involving the breakpoints within 8p23.1. 4, 27 In addition to these defined 8p genomic abnormalities, other pathogenic genomic changes have been identified, [28] [29] [30] whereas numerous genomic imbalances on 8p are still described as copy number variants (CNVs) of unknown clinical significance or CNVs without apparent clinical significance (benign CNVs) (http://projects.tcag.ca/variation).
In this study, we describe a comprehensive CNV profile of 8p derived from the tests of a large number of pediatric patients with diverse clinical phenotypes using a high-resolution microarraybased comparative genomic hybridization (aCGH) platform, and discuss plausible mechanisms for the formation of these genomic rearrangements.
MATERIALS AND METHODS

Specimen acquisition
The DNA samples used for this research study came from 966 consecutive pediatric patients referred for genome-wide screen testing by aCGH in our laboratory. Each patient was evaluated because of one or more of the following categorical clinical findings: global developmental delay, autism, dysmorphism, seizures, or multiple congenital anomalies. The study protocol was approved by the institutional review board of Children's Mercy Hospitals and Clinics.
Testing using chromosome banding analysis (GTG banding) and fluorescence in situ hybridization technique Standard GTG banding analyses were performed on the peripheral blood previously (patients 2, 3, 4, 6, 8, and 10) or concurrently (patients 1, 5 and 7, 8, 9) , and on the cultured skin fibroblast cells (patient 10). Fluorescence in situ hybridization (FISH) tests were performed for patient 3 using an 8p subtelomeric probe (AFM 197XG5), and for patient 10 using a chromosome 8 centromeric probe (CEP 8) as recommended by the manufacturer (Abbott Molecular Inc., Des Plaines, IL, USA).
Testing using microarray-based comparative genomic hybridization
The aCGH platform used in this study is the Agilent Human Genome Microarray Kit 244K, a genome-wide screening platform, containing 10 960 distinct 60-mer oligonucleotide probes on chromosome 8, with average probe spacing of 13.3 kb (Agilent Technologies, Santa Clara, CA, USA). All aCGH tests were performed and analyzed following the protocols described previously. 31 aCGH result verification and parental follow-up
The GTG banding analysis results for patients 1, 2, 3, 7, and 10 and FISH results for patients 2, 3, and 10 were used for verification of the abnormal aCGH findings on 8p (Table 1 ; Supplementary Figure S1 ). Quantitative real-time PCR (qPCR) were performed as previously described for verification of some abnormal aCGH findings on 8p using different test primers targeting genes within corresponding abnormal regions (RECQL4 for patient 1, GATA4 gene for patients 2-6, DLC1 gene for patient 3, NKX3 gene for patient 8, and MAK16 for patient 9 (Table 1; Supplementary Table S1) ). 32 GTG banding, FISH, or qPCR was also carried out for available corresponding parental follow-up studies in this study (Table 1) .
RESULTS
Results from GTG banding and FISH testing
The GTG banding and FISH testing results are summarized in Table 1 . Of the 10 patients with abnormal aCGH results, 2 showed normal karyotypes (patients 4 and 9) and the remaining patients appeared to have chromosomal rearrangements (Table 1) . Images from GTG banding and/or FISH testing for patients 2, 3, and 10 are presented in Supplementary Figure S1 .
Pathogenic CNVs on 8p identified by aCGH-244K Pathogenic 8p CNVs were found in 10 individuals (patients 1-10) in our study, representing B1% of the patients analyzed ( Figure 1 ; Table 1 ). There are no other pathogenic genomic abnormalities except in patients 2 and 8. Patient 1 has a 10.45 Mb terminal deletion with proximal breakpoint residing between the MSRA and RP1L1 genes within the REPD-REPP region of 8p23.1 (Figure 1 Verification of abnormal aCGH results in probands and parental follow-up studies The abnormal aCGH findings were verified in patients 1, 7, and 10 or partially verified in patients 2 and 3 by GTG banding and FISH results (Supplementary Figure S1a-c) . The remaining abnormal aCGH results were verified by qPCR (Table 1; Supplementary Table S1) .
Eighteen parental samples (eight couples and two single parents) were available for determination of the inheritance pattern of the genomic abnormalities in their respective children (Table 1) . The B4.6 Mb duplication of 8q23.1 in patient 4 was inherited from the mother; the B4.5 Mb duplication of 8q23.1 in patient 6 was negative in the mother, but the father was not available for testing; the B3.1 Mb deletion of 8p12 in patient 9 was inherited from the father. The remaining tested parental samples showed negative results (Table 1) . Tables S4 and S5) . Although most benign CNV regions showed both deletion and duplication, deletion-or duplication-specific benign CNVs were also observed in this study (Supplementary Table S2 ). Some start (Supplementary  Table S4 ) or stop (Supplementary Table S5 ) breakpoints existed only in deleted CNVs and others occurred only in duplicated CNVs.
Clinical features in 10 patients with genomic abnormalities on 8p
Clinical justification for aCGH testing in these 10 patients with genomic abnormalities on 8p varied, but global development delay and dysmorphic features were the most common indications. Detailed description about the clinical findings in these patients is beyond the scope of this article, but is available in Supplementary Table S6. DISCUSSION aCGH techniques have revolutionized the understanding of the human genome structure and are rapidly becoming new standard methods for clinical cytogenetics. 33 These techniques have facilitated the identification of novel genomic disorders and precisely defined the breakpoint(s) of various genomic abnormalities. The findings in this study provide additional perspectives in viewing the underlying mechanisms causing genomic rearrangements on 8p.
REPD and REPP-mediated inv dup del(8p)
Patients 2 and 3 in this study are postulated to have inv dup del(8p). Three mechanisms may explain the origin of inv dup del(8p) (Figure 3 ) with detailed explanations referred to the recent reports. 4, 8, 24, 34 In brief, all three mechanisms involve the formation of a dicentric chromosome 8 (dic(8)) in meiosis I followed by breakage of the dic(8) either during meiotic division or during early stages of embryonic development leading to the production of an inv dup del(8p). However, the events causing the formation of a dic (8) differ among the three mechanisms.
Mechanism 1 involves a single parent (usually maternal) who carries a paracentric inversion of 8p23.1 between REPD and REPP. During meiosis I, the chromosome carrying the paracentric inversion pairs with its normal homologue by forming an inversion loop. Crossing-over and recombination within the loop create an unstable dic (8 8) . Mechanism 3 involves an initial premeiotic double-strand break of the two sister chromatids of 8p. Fusion of the broken ends results in a symmetric U-type reunion between the sister chromatids leading to the formation of a dic (8) . Both mechanisms 1 and 2 produce inv dup del(8p) with a single copy region between the duplicated regions on the derivative chromosome 8, whereas mechanism 3 produces inv dup del(8p) without a single copy region between the duplicated regions. The difference between mechanisms 1 and 2 is that the single copy region between the duplications in mechanism 2 will be flanked by the inverted repeats. The inv dup del(8p) in patient 2 should be explained by mechanism 2 because of the possible existence of inverted LCRs within the REPD or REPP on 8p, whereas mechanism 3 should explain the formation of inv dup del(8p) in patient 3. The majority of the reported patients with inv dup del(8p) should be explained by mechanism 2 5,6,8,10,12,14-23 with few exceptions (Table 2) , which could be explained by mechanism 3. 13, 24 This finding is in contrast to the observation that mechanism 3 is the most frequent mechanism for this type of genomic rearrangements in all other chromosome arms. 24 Although the inv dup del(8p) in patients 3 and two previously reported patients (Table 2 ) was caused by mechanism 3, 13 there are several differences among them. First, although there are no LCRs or other repeat sequences around the breakpoints of the 3.9 Mb terminal deletion in published case B and the 619 kb terminal deletion in published case C, the breakpoint of the 6.91 Mb terminal deletion in patient 3 resides within the 8p REPD region, indicating that an unstable REPD region could facilitate the initiation of a double-strand break of the two sister chromatids and the formation of a symmetric U-type reunion between the sister chromatids producing a dic (8) . Second, both the distal and proximal breakpoint sites of the 8p-duplicated regions in these patients are different (Table 2) . Third, the mechanisms to stabilize the broken chromosome ends are different, with telomere Pairing and recombination between the inverted repeats on sister chromatids results in the formation of a dicentric chromosome and an acentric fragment. Breakage of the dicentric outside the inverted repeats leads to a monocentric chromosome with a terminal deletion and an inverted duplication with a single copy region between the duplication, which will be flanked by the inverted repeats. (c) Mechanism 3, which involves an initial premeiotic double-strand break of the two sister chromatids. Fusion of the broken ends results in a symmetric U-type reunion between the sister chromatids leading to the formation of a dicentric chromosome. Breakage distal to the fusion site outside the fusion region results in a monocentric chromosome with a terminal deletion and an inverted duplication without a single copy region between the duplication.
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Terminal deletions can result in severe genomic instability if not properly repaired. 24 Thus, broken chromosome ends must acquire a new telomeric cap to remain structurally stable by 'telomere healing,' in which telomeric sequences can be acquired de novo, 24 or by 'telomere capture,' in which broken chromosome obtains the telomeric end of another chromosome. [35] [36] [37] Alternatively, stabilization can occur through circularization of the inv dup del chromosome, leading to the formation of a ring chromosome. 38 In addition to the 6.93 Mb 8p terminal deletion associated with a 12.22 Mb interstitial duplication of 8p23.1p21.2, an additional 1.18 Mb terminal duplication of 8q was identified by aCGH in patient 2 (Figure 1 ; Table 1 ). It is possible that the broken chromosome end of 8p has been stabilized by telomere capture through an additional rearrangement with distal 8q material, similar to three previously reported patients with inv dup del(8p). 13, 39 No additional tissue from our patient 2 was available for confirmation of this hypothesis using FISH methods.
The distal end of the 563 kb de novo quintuplicated region in patient 3 exists just at the proximal end of the LCR-REPP region. It is likely that the occurrence of this quintuplicated region may involve more complex genomic rearrangements than we postulate here. However, the mechanism causing this complexity is unknown.
8p23.1 duplication
Although more than 10 patients having isolated 8p23.1 duplication have been reported, 7,40-42 only 6 of them in four families have been characterized by FISH or aCGH. 7, 42 Three probands (patients 4-6) in this study were observed to have the 8p23.1 duplication (Table 1; Figure 1; Supplementary Figure S1b) . The 8p23.1 duplication in patient 4 was inherited from the affected mother. The 8p23.1 duplication in patient 5 occurred de novo. The inheritance pattern for the duplication in patient 6 could not be determined because of negative results in the mother and the unavailability of the father. This B5.0 Mb duplication of 8p23.1 is flanked by REPD and REPP, which share a high level of identity of complex genomic repeats involving retroviral elements, olfactory repeat regions, and variable copy numbers of defensin genes. 4, 7, 8, 42 The 8p23.1 duplication is likely caused by intrachromosomal recombination between REPD and REPP within the 8p23.1 region through LCR-mediated nonallelic homologous misalignment and unequal recombination (NAHR) during meiosis. [6] [7] [8] [9] 43, 44 The copy numbers of different types of defensin and olfactory receptor genes in the REPD and REPP regions are highly variable, leading to cytogenetically visible euchromatic variants if the copies are sufficiently high. 4, 45, 46 However, these euchromatic variants are indistinguishable from the genuine 8p23.1 duplication under a light microscope. For example, two of the three patients with 8p23.1 duplication in this study were initially reported as euchromatic variants to the referring physicians. These results show the power of aCGH with high resolution to reveal unexpected imbalances in affected patients without specific clinical findings as well as the sensitivity to discriminate genuine 8p23.1 duplication from euchromatic variants caused by high copies of defensin and olfactory receptor genes. On the basis of the finding of three probands with 8p23.1 duplication in this study, or a 0.31% detection rate, we suspect that the 8p23.1 duplication may be more common than previously suspected. 7 Rare genomic abnormalities reveal the possible existence of multiple hotspots leading to variable genomic rearrangements on 8p The specific genomic abnormalities of patients 1 and 7-10 in this study have not been previously reported. However, these rare genomic abnormalities reveal the occurrence of several unstable regions leading to recurrent genomic rearrangements on 8p. The proximal breakpoint of the 10.45 Mb deletion within the REPD-REPP region of 8p23.1 in patient 1 was recently reported in a transmitted 8p23.1p23.2 duplication in an individual with autism. 47 Patient 8 in this study was found to have an apparently balanced complex translocation (46,XX,t(8;18;14)(p21.3;q23.1;q24.1)), but aCGH testing identified four cryptic de novo deletions of possible clinical significance (Table 1 ; Supplementary Figure S2c) . The two deletions of 2q35q36.1 and 4q35.2 were not apparently associated with the complex translocation. Either the two deletions occur independently without involvements of the complex translocation, or more complex chromosomal rearrangements with involvements of the two deletions were missed by chromosome analysis. However, there is no available specimen from this patient to further verify the complexity of the chromosomal rearrangements. Such discoveries support the hypothesis that some 'balanced' rearrangements include cryptic deletions or more complex rearrangements, 48 further emphasizing the benefit of high-resolution aCGH analysis. The proximal breakpoint of the 1.72 Mb deletion of 8p21.3p21.2 in this patient is flanked by repeat-rich sequences, indicating that this region could be an unstable region for genomic arrangements. This hypothesis is supported by the observation that the proximal breakpoints of the 12.82 Mb duplication in patient 2 and the 19.83 Mb duplication in reported case 2 reside within the same gene desert region (Table 2 ). In addition, the proximal breakpoint of the duplication in reported case 4 appeared to map to this region (Table 2) . 5 The NRG1 gene was disrupted in two of the ten abnormal patients (patients 7 and 9) in this study. Breakpoints of genomic rearrangements occurring in the NRG1 gene were observed in other reported cases with 8p genomic abnormalities, 49, 50 indicating that unknown genomic structural features within the NRG1 gene may be susceptible to these various genomic rearrangements. Alternatively, patients with disruption of this gene may be more likely to be investigated because of the impact of the NRG1 gene on cardiac and neural development.
More than 60 cases with SMC(8) have been reported (http:// www.med.uni-jena.de/fish/sSMC/08.htm). Ten published cases with SMC(8) include genomic material similar to patient 10 in this study. 27, 51 Although no annotated repeat sequences occur around the breakpoints of this SMC (8) in patient 10, the 8p breakpoint (38.94 Mb) of this SMC(8) is adjacent to the proximal breakpoint (B39.72 Mb) of the inverted duplicated regions in five reported cases with inv dup del(8p). 10 This region appears to be extremely unstable because 72% (847 of 915) of the benign CNVs in this study carry proximal and/or distal breakpoints within the region (Figure 2 ; Table 2 ). On the basis of these rare genomic abnormalities on 8p, we may conclude that the regions with nucleotide coordinates at B10. 45, 24.32-24.82, 32.19-32.77 , and 38.94-39.72 Mb on 8p are particularly susceptible to genomic rearrangements.
Mechanisms leading to the formation of benign CNVs on 8p
Ninety-three percent of the benign CNVs on 8p identified in this study reside within three regions: the REPD and REPP regions of 8p23.1, and the 8p11.23 region (Figure 2 ; Supplementary Table S3) . These results are concordant to the data documented in the Database of Genomic Variants (http://projects.tcag.ca/variation/), reflecting the extreme instability of these three regions. Variable copy numbers of defensin and olfactory receptor genes within the REPD and REPP regions, 4 and the large numbers of simple tandem repeats within the 8p11.23 region should be the structural basis leading to the formation of these benign copy variations.
Different underlying mechanisms were proposed to explain the formation of CNVs based on the structural features of the human genome. [52] [53] [54] [55] [56] However, none of the proposed mechanisms can fully explain the occurrence of some deletion-or duplication-specific start or stop breakpoints of CNVs and some deletion-or duplicationspecific CNVs observed in this study (Figure 2 ; Supplementary Tables  S2-S5 ). The actual mechanisms leading to this phenomenon remain unknown, and it is possible that yet-to-be discovered mechanisms prohibit the formation of certain deletions or duplications.
In summary, we report an integrated high-resolution CNV profile of human chromosome 8p derived from the analysis of 966 consecutive individuals using the aCGH-244K platform, and present plausible mechanisms for the formation of inv dup del(8p) and 8p23.1 duplication. Several regions within 8p are proposed to be hotspots leading to the formation of recurrent genomic rearrangements. CNVs with deletion-or duplication-specific start or stop breakpoints provide useful information for exploring underlying mechanisms leading to the formation of complex structural rearrangements in the human genome.
